Currently, more reliable parameters to predict the risk of aneurysmal rupture are needed. Intra-aneurysmal pressure gradients and flow maps could provide additional information regarding the risk of rupture. Our hypothesis was that phase contrast with vastly undersampled isotropic projection reconstruction (PC-VIPR), a novel 3D MR imaging sequence, could accurately assess intra-aneurysmal pressure gradients in a canine aneurysmal model when compared with invasive measurements.
T
he natural history of unruptured aneurysms remains controversial and poorly understood. The largest prospective study regarding the natural history of unruptured aneurysms concluded that the cumulative 5-year risk of rupture for aneurysms less than 7 mm in the anterior circulation in patients without previous rupture is zero. 1 However, several investigators have concluded that the risk of rupture for aneurysms less than 7 mm is significantly higher than stated by the International Study of Unruptured Intracranial Aneurysms (ISUIA) investigators. [2] [3] [4] In addition, the relationship between factors such as aneurysmal sac morphology, flow dynamics, and risk of hemorrhage has not been established. One strategy to decrease the morbidity and mortality associated with subarachnoid hemorrhage (SAH) is to predict which aneurysms are at higher risk of rupture and treat them early.
There is a growing interest in the use of physiologic data to improve the characterization of aneurysms. Numerous investigators have explored the impact of flow in relationship to aneurysm morphology by using techniques such as digital subtraction angiography (DSA) [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] and computational flow dynamics (CFD). [15] [16] [17] [18] [19] [20] However, these methods require an invasive procedure. Newer, MR-based noninvasive techniques are showing promise in yielding similar anatomic information with additional benefit of quantitative and qualitative flow and pressure parameters. We have recently developed a novel MR phase contrast (PC) sequence called vastly undersampled isotropic projection reconstruction (VIPR). 21 The obtained data from PC-VIPR can be graphically processed to yield fluid streamline and velocity vector plots. Using fluid relationships, we can process the data to yield dynamic pressures.
PC-VIPR could potentially be used in the clinical setting to provide both qualitative and quantitative intra-aneurysmal hemodynamic information and help predict the risk for aneurysmal rupture with noninvasive means. The purpose of our study was to demonstrate that PC-VIPR could accurately assess intra-aneurysmal pressure gradients in a canine aneurysm model when compared with invasive measurements.
Materials and Methods

Canine Aneurysmal Model and Angiography
The Institutional Animal Care Use Committee approved the protocol for the study. Eight female beagles weighing approximately 30 pounds underwent surgery for the creation of 8 bifurcation and 8 sidewall aneurysms. 22 Of the 8 sidewall aneurysms, 3 had occluded. Therefore, we investigated 5 sidewall aneurysms in this study. All 8 bifurcation aneurysms were patent and used in this study. The aneurysm venous pouch model has already been described in previous studies from our laboratory. 23 With the animals under general anesthesia, we performed a digital subtraction angiogram (DSA) in the anteroposterior and oblique projections using standard techniques. The presence of the bifurcation and sidewall aneurysms was confirmed, followed by measurement of the height and width of the aneurysmal sac and neck. An Echelon 10 microcatheter (ev3, Irvine, Calif) was then advanced under fluoroscopy into the right common carotid artery proximal to the aneurysms in all cases. The microcatheter was connected to a Propaq arterial pressure monitor (Protocol Systems, Beaverton, Ore) and used to measure mean arterial pressure (MAP) in the parent vessel, aneurysm neck, and 5 regions within the aneurysmal sac. The 5 regions in each aneurysmal sac were designated as time on a clock face. Measures were taken at the 12, 3, 5, 7, and 9 o'clock positions so that pressure measurements were performed at approximately the same location in each aneurysm. Three separate pressure measurements were recorded from the microcatheter at every location. Appropriate pressure waveforms were verified before each pressure measurement was recorded. We observed systolic, diastolic, and mean arterial pressures for a period of 2 minutes to ensure stability of the reading before recordings were taken. MAP pressure measurements with the microcatheter technique have been validated against direct in vivo RD wire measurements in previous research (unpublished data). In the RD wire technique, a pair of 200-cm length 0.014-inch pressure-sensing guidewires (PressureWire 4; RD Medical Systems, Uppsala, Sweden) were connected to interface units (RD PressureWire Interface Unit). Each interface unit was connected to an analog to digital converter (LabJack U12; LabJack, Lakewood, Colo), which was then connected to a standard laptop personal computer (Windows XP; Microsoft, Redmond, Wash) running data acquisition software (LabVIEW, version 7; National Instruments, Austin, Tex). Before acquiring pressure measurements, we calibrated the wires and the patient monitoring system. In our previous research, we performed RD wire measurements across stenoses and directly compared them with microcatheter pressure measurements, with good correlation.
We calculated the intra-aneurysmal and parent vessel pressures as the mean of the 3 MAP readings obtained at each location. Subsequently, for every MAP in the aneurysm, we calculated a pressure differential by subtracting the MAP at that position from the MAP of the parent vessel.
PC-VIPR
Immediately after DSA, the catheter was removed, and each animal, while still under anesthesia, was placed in a 4-channel knee coil and imaged with a clinical 1.5T MR imaging scanner (TwinSpeed Excite HD, version 12.0; GE Healthcare, Waukesha, Wis). ECG leads were attached to the animals' chest for cardiac gating. Immediately after a contrast-enhanced MR angiogram was obtained, PC-VIPR data were then acquired with ECG gating at the following parameters: TE/TR of 3.4/8.8 ms, 256 ϫ 256 ϫ 256 acquisition matrix, 20 ϫ 20 ϫ 20 cm FOV, 32 kHz receiver bandwidth, 75% fractional readout, and a velocity encoding of 150 cm/s. Total imaging time for the PC-VIPR examination was 10 minutes. The voxel size of the PC-VIPR examination was 0.78 mm ϫ 0.78 mm ϫ 0.78 mm (0.48 mm 3 ). Data at individual timeframes within the cardiac cycle were reconstructed with use of an adaptive width temporal filter. The temporal width of this filter smoothly transitioned from 35.2 ms at the center of the k-space to 105.2 ms at the edges of the k-space sphere, where the sampling attenuation is reduced. This filter is more efficient than standard view sharing, allowing for higher temporal resolution of low-frequency components. For each timeframe, dynamic velocity images were reconstructed via phase difference processing. Images of vascular anatomy were generated from composite complex difference and magnitude volumetric dataset. We then analyzed dynamic phase difference images to determine flow rates and pressure gradients. We then measured flow rates from the PC-VIPR data at the neck and left and right outflows tracts using a standard GE flow analysis package on the axial flow images. Pressure gradients were determined from iterative methods, which have been validated in both phantom and animal models to provide relatively accurate answers. 11, [24] [25] [26] [27] This technique is based on the Navier-Stokes equation, which simplifies more complex relationships by assuming the fluid to be both incompressible and Newtonian. Arterial blood flow generally satisfies these assumptions with a dynamic viscosity of approximately 4 cP (centipoise). A 4-step process was used in the implementation of the technique, consisting of vessel segmentation, pressure gradient determination, integrative pressure determination, and iterative refinement. Vessel segmentation was accomplished with a user-defined threshold, which was followed by an anti-island filter. This filter smoothed the vessel wall and removed small, isolated regions that could cloud images and introduce additional error. We then determined pressure gradients by using central difference equations with corrections for errors occurring at the edge of the vessel. We then determined an initial pressure map by using a simple seed point method. Subsequent to that, we iteratively refined this pressure map by using a path-averaging algorithm. 11, [24] [25] [26] [27] Dynamic pressure maps were then averaged for comparison with in vivo measurements, and pressure differences were compared on a pressure map registered to DSA images.
Data Evaluation and Statistics
The DSA images were reviewed, and the size of the aneurysms (including the neck) was recorded. The 3 catheter MAP measurements were averaged and compared to estimate the standard error in the catheter measurement and provide a comparison value with respect to pressure measurements derived from PC-VIPR data. Because localization of the catheter was performed with a single coronal plane, the expected value is the average pressure along the projection. To provide a correlative measure, we projected the 3D PC-VIPR pressure measurements in the same plane and divided them by the number of segmented pixels along the projection. This approach allows for measurements to be made in the same manner as those from the DSA. Each positional pressure measurement was matched with a corresponding PC-VIPR measurement and recorded at the same location on the basis of DSA registration.
Statistics
We correlated the time-averaged PC-VIPR pressure gradient measurements with the actual time-averaged pressure gradients (catheter measurement) by using a regression analysis and linear Bland-Altman analysis.
Results
In the 8 canines, we evaluated 8 bifurcation aneurysms and 5 sidewall aneurysms. The average size of the 8 bifurcation aneurysms was 11 mm ϫ 7 mm with an average neck size of 4.8 mm. The average size of the 5 sidewall aneurysms was 9 mm x 7 mm with an average neck size of 5 mm. Using PC-VIPR, we obtained high-quality anatomic images as well as time-re-
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solved velocity maps, which were processed to yield velocity vector plots and pressure maps.
In the bifurcation and sidewall aneurysms, 3 main flow patterns were demonstrated, which are shown schematically in Fig 1. In 7 of the 8 bifurcation aneurysms, a recirculation blood flow pattern was observed (Fig 2) . We defined recirculation pattern as blood flow that enters through a channel in the aneurysmal neck, circulates in the periphery of the sac, and subsequently exists the neck through a separate channel. This flow pattern resulted in a relatively low dome pressure gradient (mean,ϩ0.5 mm Hg) (Fig 2) . A jet blood-flow pattern was observed in a single case of bifurcation aneurysm (Fig 3) . Jet pattern is defined as blood flow that enters the aneurysm neck through a channel, directly strikes the dome of the aneurysm, and then scatters and exits the neck of the aneurysm. The jet flow pattern resulted in a high dome pressure gradient (ϩ50.2 mm Hg) (Fig 3) . In all of the sidewall aneurysms, a low flow pattern was seen, resulting in an intermediate dome pressure gradient (mean, ϩ8.3) (Fig 4) .
To demonstrate the degree of correlation between the PC-VIPR pressure gradient measurements and the actual catheter pressure differential measurements, we performed regression analysis and linear Bland-Altman analysis. Both methods demonstrated a high degree of correlation (R ϭ 0.82, P Ͻ .01) between the pressure measurements obtained with PC-VIPR and the catheter (Fig 5) . 
Discussion
The retrospective arm of the ISUIA concluded that the risk of rupture of an aneurysm smaller than 10 mm in a patient with no previous SAH is 0.05%. 28 Subsequent to that, the prospective arm of the ISUIA concluded that the 5-year cumulative rates of rupture for aneurysms in the anterior circulation in patients with no previous SAH was 0% in aneurysms less than 7 mm and 2.5% in aneurysms of the posterior circulation. 1 In addition, taking into account the incidence and prevalence for both unruptured intracranial aneurysms and SAH, the ISUIA data imply that almost 1 in 6 patients older than 30 years would harbor an incidental unruptured aneurysm. 2 The discrepancy between the ISUIA and other studies implies that predicting which aneurysms are more likely to rupture may not be as simple as taking into consideration the aneurysm size, location, and previous rupture and that perhaps additional criteria must be investigated.
Aneurysmal hemodynamics are thought to be an important factor in pathogenesis and thrombosis. 10, 12, 14, 29, 30 Hemodynamic data such as intra-aneurysmal pressure and flow dynamics could potentially be used as an additional set of criteria to assess the risk of aneurysmal rupture. Defining aneurysms from a physiologic standpoint is topic of several studies. 13, 15, 18, 19, 31 Most of these investigations are performed in CFD models, which inherently possess several limitations such as assumptions on the distribution of elasticity and wall thickness and blood flow as an incompressible Newtonian flow. In addition, CFD requires DSA data, an invasive procedure, whereas PC-VIPR is noninvasive.
VIPR is a novel PC MR technique that radially undersamples the k-space, resulting in improved resolution from inherent oversampling of the central k space. 21 This culminates in isotropic data acquired significantly faster than standard Cartesian methods. The clinical consequence of this is that in a single examination, both anatomic and physiologic data could be available. PC-VIPR has the greatest potential in assessing patients with unruptured aneurysms because it provides anatomic, qualitative as well as quantitative intra-aneurysmal pressure and flow data throughout the cardiac cycle in a noninvasive fashion. The qualitative and quantitative data can potentially be used as additional criteria to assess risk of aneurysmal rupture. Another advantage of PC-VIPR is that images can be acquired within minutes as part of a diagnostic noninvasive imaging study, which would be critical in the clinical setting.
In this study, we applied PC-VIPR to canine aneurysmal models to assess the potential for obtaining anatomic and physiologic data. PC-VIPR provided flow velocity vector as well as pressure gradient maps in both bifurcation and sidewall aneurysmal models of different sizes. In one of the bifurcation aneurysms, a jet flow pattern into the aneurysm was observed. This was different from the recirculation pattern, which was observed in the other 7 bifurcation aneurysms. In the jet flow pattern, the aneurysmal dome pressure was significantly higher than that in the recirculation pattern (ϩ50.2 mm Hg vs ϩ0.5 mm Hg). The significance of the jet flow pattern with a higher dome pressure versus the recirculation pattern with a lower dome pressure in an aneurysmal rupture needs to be evaluated in the clinical setting. However, one could speculate that aneurysms with a jet flow pattern against an aneurysmal dome with a higher dome pressure could have a higher risk of rupture than aneurysms with a recirculation pattern. The recirculation pattern would theoretically be associated with higher shear stress at the aneurysmal dome because the blood dragging against the wall causes higher frictional force. On the other hand, the jet flow pattern would be theoretically associated with low shear stress because the blood strikes the dome and scatters. In this case, there would be less degree of friction against the aneurysmal wall. This theory would be supported by other studies, 17, 32 which have shown that the areas of the aneurysmal rupture are associated with lower shear wall stress. In the 5 sidewall aneurysmal models, the flow was low. In theory, the pressure of the dome in those aneurysms should be small, which was confirmed in this study. The importance of low flow and dome pressure in sidewall aneurysms and risk of rupture needs to be studied further.
Using a catheter-based technique, we measured intra-aneurysmal pressures and compared them with PC-VIPR. There was a high degree of correlation (R ϭ 0.82, P Ͻ .01) between pressures obtained noninvasively with PC-VIPR and invasively with the microcatheter. The high degree of correlation supports PC-VIPR as a tool that could potentially be used in the clinical setting to categorize unruptured aneurysms on the basis of their hemodynamic characteristics.
One of the limitations of this study was that the aneurysmal wall in the canine model was venous, which may behave differently from arterial aneurysms. Another weakness of this work was that some of the 3 intra-aneurysmal catheter-based pressures demonstrated some variability. The statistical uncertainty of a single catheter measurement was found in this study to be around 6 mm Hg, likely because of inaccuracies in repositioning. The position of the catheter in the aneurysmal sac was based on the 2D DSA image. Therefore, each measurement in the aneurysmal sac might not have been in the same 3D location, leading to variability in pressure readings. Because all measurements of microcatheter pressure were MAPs, the problem of capturing some pressures in systole and others in diastole should not have been an issue. In a previous related study at our institution, the authors validated PC-VIPR mea- surements across a carotid stenosis model using the microcatheter method for pressure measurements. 33 Another potential source of error in this study was the presence of a time delay (approximately 1 hour) between the microcatheter and PC-VIPR pressure measurements, which could have led to some degree of discrepancy between the 2 pressure measurements.
In future studies, we are planning to further investigate other hemodynamic parameters, including shear stress in the canine aneurysmal model and in human aneurysms. With the validation of PC-VIPR to provide accurate qualitative as well as quantitative hemodynamic data in aneurysms, we may be able to noninvasively identify physiologic criteria that could predict aneurysms with higher risk of rupture.
Conclusion
The PC-VIPR sequence can provide high-quality images of vascular anatomy as well as accurate physiologic information of experimental aneurysms. Qualitative and quantitative flow velocity vector and pressure maps were obtained in the canine aneurysm model. The noninvasive aneurysmal pressures provided by PC-VIPR were validated by invasive microcatheter pressure measurements. Application of this novel MR technique to clinical human cases of unruptured and ruptured aneurysms, as well as assessment of wall shear stress, is currently being evaluated.
